Silk cocoon membrane (SCM) is an insect engineered structure. We studied the electrical properties of mulberry (Bombyx mori) and non-mulberry (Tussar, Antheraea mylitta) SCM. When dry, SCM behaves like an insulator. On absorbing moisture, it generates electrical current, which is modulated by temperature. The current flowing across the SCM is possibly ionic and protonic in nature. We exploited the electrical properties of SCM to develop simple energy harvesting devices, which could operate low power electronic systems. Based on our findings, we propose that the temperature and humidity dependent electrical properties of the SCM could find applications in battery technology, bio-sensor, humidity sensor, steam engines and waste heat management.
Silk cocoon membrane (SCM) is an insect engineered structure. We studied the electrical properties of mulberry (Bombyx mori) and non-mulberry (Tussar, Antheraea mylitta) SCM. When dry, SCM behaves like an insulator. On absorbing moisture, it generates electrical current, which is modulated by temperature. The current flowing across the SCM is possibly ionic and protonic in nature. We exploited the electrical properties of SCM to develop simple energy harvesting devices, which could operate low power electronic systems. Based on our findings, we propose that the temperature and humidity dependent electrical properties of the SCM could find applications in battery technology, bio-sensor, humidity sensor, steam engines and waste heat management. S ilk cocoon membrane (SCM) and spider silk are insect engineered biomaterials [1] [2] [3] [4] [5] . For centuries, both silkworm cocoon and spider silk has held a unique place in the textile and biomedical industry. Spider silk was used by the Greeks and Romans for wound dressing (IX-I B.C.). Surgical silk suture were used during last two centuries (XIX-XX A.D.). During the last century, silk has found applications in cell culture and tissue engineering (XX-XXI A.D.) [4] [5] [6] [7] . Apart from silk cocoon's use in extracting silk fiber, this complex fibrous protein membranous shell acts as a protective enclosure ensuring successful metamorphosis of the silkworm pupae to silk moth [8] [9] [10] . It offers the dormant pupae protection against the predators [11] [12] [13] [14] [15] [16] [17] [18] [19] . It is further equipped with features like carbondioxide gating 20 , free flow of oxygen 21 , fluorescent coating 22 , photo-protection 23 , temperature regulation 20, [24] [25] [26] [27] , UV protection 28 , water-proofing 29 which may be vital for the growth, development and survival of the developing pupae. Further SCM could be transformed into graphene nano-structure, upon pyrolysing it in an inert environment 30 . In essence, SCM has versatile functional features. Till date more than 4000 different species of silk moth has been documented in the literature. Only very few of them has been domesticated and commercially exploited for silk production. The rest of the species, which are yet to be domesticated, are considered as wild silk. One major domesticated species, which has been commercially exploited for a long time is mulberry silk (Bombyx mori). The name mulberry silk owes to the fact that these silk worms feed on mulberry trees. On the contrary, the wild silkworms feed on wide range of trees, which eventually influences the physico-chemical properties of their silk fibers study has suggested that calcium oxalate possibly play a role in gas diffusion across Antheraea mylitta silk cocoon membrane 20 . Since the developing pupae (inside the cocoon) grow in the tropical and sub-tropical belts, it has to withstand a wide diurnal and seasonal variation of temperature and relative humidity (RH). Long back entomologists anticipated that SCM may have certain thermoregulatory features 20, [24] [25] [26] [27] . The systematic study of the phenomenon of thermoregulation in insect nest was initiated in the beginning of the 19 th century [43] [44] [45] [46] [47] [48] [49] [50] [51] . As far back as 1971, while studying the phenomenon of thermoregulation in the nest of social insects (Hornet, Vespa orientalis), late Jacob S Ishay of Tel Aviv University, observed that 'silk cap of the hornet nest' (which forms the top cover of the nest; see Figure S1 ) possesses certain thermo-physical properties 52 . His subsequent studies during 1990s and early 2000, have revealed that 'silk cap of hornet' posses certain thermoelectric properties which may play a key role in regulating the temperature of the Hornet's nest 24, 25, [53] [54] [55] . One of our previous work with Antheraea mylitta cocoon, showed that, this membrane also posses certain thermo-regulatory features 20 . The present work has its genesis from our previous work 20 and the findings of Jacob S Ishay 24,25,52-55 . Ishay's works documented the flow of current across the 'silk cap membrane' of hornet nest 24, 25, [53] [54] [55] . But he could not clearly pinpoint the origin of the charge moieties, which resulted in current flow. He proposed that the silk fiber with its inner core of fibroin and outer gummy layer of sericin is functioning like n and p type semiconductor material 24, 25 . His mineral analysis data highlighted the presence of common elements like Mg, P, S, Cl, K and Ca in the silk cap of Hornet, and he assumed that these minerals are acting as natural dopants in silk-semiconductor material. These seminal works of Ishay, on exploring the thermo-electrical properties of 'silk cap of hornet nest' remained in literary isolation for last three decades, since no other scientific group persuaded or followed up on these lines of work. Further, it has not been explored whether such 'thermo-electrical properties are inherent in other silk fiber proteins' or it is solely a unique feature of 'silk cap of hornet nest'. Our exploration in this direction is to answer some of these fundamental questions related to thermo-electrical properties of silk.
In this study, we selected more easily available, commercial silk cocoon samples available in india ( Figure S2 ), a mulberry silk i.e Bombyx mori and a non-mulberry silk i.e Antheraea mylitta. In this work, our major goal was to study the electrical properties of these silk cocoon membranes. Hence we asked the following questions:
1. Could the silk cocoon membranes of Bombyx mori and Antheraea mylitta generate electricity, as documented by Ishay in his work on silk cap membrane covering the hornet's nest (Vespa orientalis). 2. If these silk cocoon membranes have the inherent ability to generate electricity, could we harness this electricity for some useful work?
We initiated our investigation with the following working hypothesis: 'when water molecules get trapped in the fibrous matrix of SCM, it interacts with the naturally occurring ion forming elements, and generate certain ionic mobile charge carriers. These charge carriers trigger flow of electricity across SCM, which could be modulated by temperature'.
Results

Morphology of Bombyx mori and Antheraea mylitta silk cocoons.
Representative pictures of Bombyx mori and Antheraea mylitta silk cocoons are shown in Figure 1 . Visual observations indicate that, the outer surface of the cocoons of Bombyx mori species is comparatively smoother, as compared to the outer surface of the cocoons of Antheraea mylitta species. The outer surface of Antheraea mylitta cocoon has a coarse texture. Several wild species of cocoon have such coarse outer surface 20, [38] [39] [40] [41] [42] .
Comparative scanning electron microscopic (SEM) studies of SCM. We perform SEM analysis of the Bombyx mori and Antheraea mylitta SCM (Figure 2 ). The SEM images of the outer and inner surfaces of silk cocoon indicate the woven fibrous matrix of SCM. The outer surface of Antheraea mylitta exhibits rough morphology and the inner surface shows smooth morphology as reported in earlier studies 20 . As reported earlier
20
, Calcium oxalates crystals (approximately 1 micron) can be distinctively visible in the outer surface of the Antheraea mylitta cocoon. Earlier it has been documented that several wild species of cocoons carry calcium oxalate crystals, which is partly responsible for the coarse outer texture of these cocoons 20, [38] [39] [40] [41] [42] . Calcium oxalate crystals are not present in the Bombyx mori cocoon surface. The silk fiber threads of the Antheraea mylitta are slightly thick (,20 microns) as compared to the Bombyx mori (,10 micron), as seen from the SEM images. The pores are more visible in the Bombyx mori structure as compared to the Antheraea mylitta membrane. Inner surface of both the cocoons are smoother than the outer surface.
Comparative energy dispersive X-ray spectroscopy (EDAX) analysis of SCM. EDAX analysis of the Bombyx and Antheraea silk cocoon was done to address the elemental composition of the membranes (Figure 3 ). Apart from carbon (C), nitrogen (N) and oxygen (O), in both the cocoon species trace amounts of sodium (Na), chloride (Cl), potassium (K), magnesium (Mg) and sulfur (S) could be detected. Calcium (Ca) is found in significant concentrations in Antheraea silk cocoon, whereas it is found in trace amounts in Bombyx. High concentration of calcium in Antheraea is understandable, since several wild cocoon species have high concentrations of calcium oxalate crystals 20, [38] [39] [40] [41] [42] . Trace amount of Zn and P can be detected in Antheraea mylitta. Previous studies on Antheraea, has indicated the presence of Zn and P
. The presence of Cu was detected in the Bombyx mori cocoon. Earlier studies on Bombyx mori have indicated the presence of copper in the structure [33] [34] [35] .
Comparative porosity analysis of SCM. Next, we went ahead and made a comparative porosity analysis of the Antheraea and Bombyx SCM ( Table 1 ). The detail of the porosity analysis is described in methods section 56 . The porosity values for Bombyx are in close agreement with a recently reported study 29 . The Bombyx membrane is significantly more porous than the Antheraea. Upon demineralization of these SCM, we did not observe any significant change in porosity. Demineralization was done by a previously described method of ethylenediaminetetraacetic acid (EDTA) treatment of SCM
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. (Refer to methods section for details on demineralization process and conductivity measurement section in supplementary information (S3, S4 and S5) to verify the extent of demineralization. Developing a system to study the electrical properties of SCM. In order to do the comparative study of the electrical properties of the two SCM, a standard device was assembled as shown in Figure 4 . The detail of the device is in the methods section. The dimension of the devices developed from Bombyx mori and Antheraea mylitta SCM was kept identical, except the inherent difference in thickness between the Bombyx mori and Antheraea mylitta SCM. We used two different electrodes aluminum and copper. The SCM was sandwiched between the two electrodes. The electrodes solely make physical contact with the SCM. We did not use any binder (like silver paste) to attach the electrodes onto the cocoon surface. This is done, in order to ensure that that we are not adding any contaminating chemicals in the measuring system.
Comparative electrical properties of SCM. The current and voltage across SCM was measured using the device shown in figure 4 . These electrical parameters were recorded under five different conditions: dry cocoon, moist cocoon, water vapor exposed cocoon, demineralized cocoon exposed to water vapor and NaCl doped cocoon exposed to water vapor ( Figure 5 , Table 2 ). Among all the conditions, we obtained negligible current value in dry SCM. When SCM is allowed to absorb moisture, and the current recordings were made in the room temperature (30uC), we observed an acute increase in current value. We observed a further increase in current value, when the moistureladen cocoon is exposed to the stream of water vapor ( Table 2 ). The current value is further enhanced, when SCM was doped with common salt solution (1 M NaCl solution) and the membrane is exposed to the stream of water vapor. A similar trend was followed by both Bombyx mori and Antheraea mylitta SCM. The current value decreased when the cocoon sample was demineralized and exposed to water vapor. Overall we obtained higher current density in Antheraea mylitta cocoon and this may be explained by the fact that it has higher mineral contents. In case of voltage readings, we obtained lowest value from dry SCM and highest value was recorded from water vapor exposed SCM (Table 2 ). In this case too, both types of SCM followed a similar trend. Temperature and humidity dependent current and voltage profile of SCM. Silk cocoon acts as a thermo-regulatory membrane, which helps in maintaining an ambient temperature inside the cocoon 20, [24] [25] [26] [27] . When the surface of SCM is exposed to varying temperature, in the presence of humidity, we observed a change in current density across membrane ( Figure 6 ). The magnitude of the current increased with temperature. This shows that current across SCM depends on humidity and temperature of the surrounding environment. Whereas the voltage recorded was almost constant in temperature range of 10-40uC and exhibit a sharp rise at temperatures above 40uC. Interestingly both the current and voltage showed a sharp spike around 50u-60uC. This sharp peak is observed for both the cocoon types.
Current-voltage (I-V) characteristics of SCM. The I-V studies were done using Vander Pauw technique, which revealed that the temperature modulates the resistivity of the material, thereby regulating the current flux across SCM ( Figure 7 ). Studies were conducted at 80uC, in the presence of water vapor and the same SCM was used for the recordings at 30uC after an interval of 10 minutes. This study showed that the temperature and moisture regulates the resistivity of the material. Pattern of the I-V curves were similar in both the SCM, but values were slightly higher in Antheraea mylitta. However, no response was observed when I-V studies were conducted in the absence of humidity. This is due to a very high resistance of SCM, thus behaving more like an insulator, in a dry condition. A similar humidity-dependent boost in current has been previously reported for other natural biomaterials like the silk cap of hornet nest and cuticle of the oriental hornet 24, 25, 53, 54 .
Determining the possible origin of charge carriers in SCM. After investigating the humidity and temperature dependent electrical properties of SCM, we investigated the possible origin of the charge carriers within SCM and the type of electrical conduction, which might be responsible for triggering current flux. In our previous experiments, we observed that, when the SCM was doped with common salt solution (1 M NaCl solution), it resulted in maximum current flux ( Figure 5 , Table 2 ). Further, in the absence of humidity, no significant current was measured across fibrous protein matrix of SCM. These observations, slims down the chances of electronic conduction, instead raised the possibility of some form of ionic conduction across the membrane. One of the possibilities could have been that, when SCM is exposed to moisture and water vapor, the water molecules diffuses into its porous matrix, becomes mobile, and interact with the common ion forming elements like Na, K, Cl as well as with the protein matrix and resulting in the generation of charged ionic species, that might generate electricity. The mobility of the water molecules could be further modulated by temperature. To test this reasoning, we first performed some simple experiments of measuring the conductivity of the water passing through the SCM ( Figure S3 , S4, S5 Supplementary information). We filled the cocoons with deionized water (conductivity 5 1.57 mS) and measured the conductivity and total dissolved solid (TDS) of the water passing through SCM and found it to be 1151 6 66 mS for Antheraea mylitta and 325 6 70 for Bombyx mori, n 5 6 (mean 6 standard error; n 5 number of cocoons tested), 626 6 25 ppm and 152 6 15 ppm for Antheraea mylitta and Bombyx mori respectively, n 5 6 (Conductivity meter: Cyberscan Con 11; Eutech Instruments). Previous results from EDAX studies indicated the presence of Na and Cl elements in SCM ( Figure 3 ). When we performed simple precipitation test, to verify the presence of simple salts in the water, which has passed through the SCM, we observed a white precipitation indicating silver chloride (AgCl) ( Figure S4 , Supplementary information). This could indicate the possibility of the presence of common salt like NaCl in native SCM. This is indirectly supported by our previous observation that the current flux increases in NaCl doped cocoons ( Figure 5 , table 2). We have further verified our claim in a model 'porous different conditions (dry cocoon, moist cocoon, cocoon exposed to water vapor, cocoon sample treated with EDTA so as to di-mineralize the sample and exposed to water vapor, cocoon doped with NaCl and exposed to water vapor). The current traces shown for each condition is the average of 6 trials using six different SCM. In dry state current is negligible, as the SCM is moistened current value increased drastically. Exposing the cocoon to water vapor further increased the current value. There is a lowering of current value in demineralized cocoon. Maximum current values could be seen in the NaCl doped SCM exposed to water vapor. paper device', which has been discussed later. We assume that these salts dissociate into ions on interaction with water molecules, thus resulting in observed ionic current across SCM.
Nuclear magnetic resonance (NMR) of whole SCM to study the effects of hydration on the porous SCM and sodium mobility across SCM. Figure 8 showed the 1 H, 13 C and 23 Na cross polarization (CP) NMR spectra of dry and water vapor exposed Bombyx mori and Antheraea mylitta cocoon. Structural changes in the cocoon matrix due to water vapor could be reflected in the NMR spectrum. Bombyx mori is a widely studied system using solid state NMR spectroscopy. The detailed methodology of obtaining the spectra is described in the methods section 57, 58 .
1 H NMR spectra of dry cocoons show three distinct peaks, one at 4.95 ppm and another broad peak at 1.75 ppm and 1.33 ppm. Broad peak at 4.95 ppm is assigned as free water resonance and other peaks at 1.7 and 1.33 ppm are assigned to organic part (silk fibroin). 13 C CP spectra of Bombyx mori was assigned as reported earlier 59 . Water vapor exposure changed 1 H NMR spectra of cocoons; instead of a broad line, we get a sharp peak of water and well-resolved peak of silk fibroin methyl proton (CH 3 ). Sharp peaks were observed due to increase in motional averaging due to water vapors. Ala Cb 13 C chemical shift is quite useful for probing the backbone conformations due to high sensitivity in proteins 60 . In 13 C CP spectra of Bombyx mori cocoons, we observed three distinct chemical shifts of Ala Cb at 17.5, 20.8 and 22.6 ppm. Similar kind of 13 C shifts was observed in earlier studies 59 . In the water vapor exposed SCM, we found that Ala Cb chemical shift changes significantly to 17.9, 21.0 and 22.9 ppm. Similar changes were observed in case of carbonyl peaks, Ala C5O, Ser C5O, and Gly C5O upfield shift of 0.1 and 0.2 ppm. Changes in carbonyl chemical shift could be possible due to change in interaction within chains 61 . Similar results were observed in Antheraea mylitta ( Figure 8 ). In summary, 1 H and 13 C NMR spectrum of intact cocoon silk fiber shows an increase in dynamics of side chain as well as back bone, due to hydrations. This is reflected due to observed decrease in line width. This observation is consistent with earlier hydration studies on similar silk fiber by NMR relaxation studies 62, 63 . Similar results were observed in Antheraea mylitta (Figure 8 ). In summary, 1 H and 13 C NMR spectrum of intact cocoon silk fiber shows an increase in dynamics of side chain as well as back bone, due to hydrations. This is reflected due to observed decrease in line width. However, till date there is no report on the 23 Na NMR studies of silk fiber. Since Na 1 can be possible source of charge carrier, it will show characteristic features in the 23 Na NMR spectrum of silk fibers. This motivated us to carry out 23 Na NMR to check whether there was any change in the mobility of Na ions which are present in the Cocoon matrix, due to vapor which contributes to electrical conduction. Figure 8 shows 23 Na spectra of dry Bombyx mori and Antheraea mylitta along with its spectrum in wet state. In the case of Bombyx mori cocoon, the spectrum in dry state is broad and shows less sensitivity. This observation is due to less concentration of 23 Na in the silk matrix of Bombyx mori and absence of any motion of 23 Na in dry state. It should be noted that concentration of 23 Na in Antheraea mylitta is more than Bombyx mori (since signal was detected in less transients; 18 k compared to 80 k). But when vapour was passed through Bombyx mori and Antheraea mylitta, we observed that www.nature.com/scientificreports 23 Na spectra become quite sharp. This can only be result of increase in motion of 23 Na ions. Thus we can conclude that in the presence of water vapor, there is an increase in the motion of Na 1 ions present in the cocoon matrix, which is possibly reflected in the electrical measurement of water vapor exposed silk cocoons.
EDAX analysis of SCM before and after an ''electrical experiment''. In order to obtain more information about the distribution of ions before and after electrical experiments, we performed the EDAX analysis of the same sample. In the supplementary information ( Figure S6 ), we have given the EDAX measurement before and after an ''electrical experiment''. But using EDAX we could not decipher any real change in ion distribution across the silk cocoon membrane before and after the electrical measurements.
Electrochemical impedance spectroscopy (EIS) to measure the charge mobility across SCM. We experimentally verified the charge mobility across SCM in dry, humidified and water vapor exposed conditions using EIS. A marked change in the charge transfer resistance was observed across SCM upon comparing dry, humidified and upon water vapor exposure conditions. Complex power analysis graph of the SCM under dry, humidified and upon water vapor exposure conditions showed the marked difference in relaxation time constant ( Figure S7 , These experiments were performed using both Bombyx and Antheraea cocoons but data is presented only for the Antheraea in the supplementary information). Relaxation time constant is a representative of the diffusion kinetics and provides an estimation of the degree of mobility of charges under different conditions 64, 65 . Lesser the time constant, higher is the mobility. Time constant (t) of the silk cocoon is calculated from complex power analysis of the impedance data, which is obtained under dry, wet and water vapor exposed conditions. The dry samples do not revel any information due to very high resistance. Time constant between two successive moves of protein chains in SCM in humidified and water vapor exposed cocoon showed active and reactive power response with frequency. The reactive power dominates at lower frequency and active power at higher frequency. Reactive power supports the movement of the polymer chain. The meeting point where the reactive and active power responses meet on frequency axis gives the time constant. This point implicates the time to which the visco-elastic forces are balanced and the system is in rest. Time constant ,0.15 ms for SCM is obtained upon exposure to water vapor whereas in humidified conditions it was found nearly 4 times higher (5.5 ms). These results support the fact that when SCM is exposed to water vapor, this enhanced the chain mobility and thus facilitating ionic movement and the final result could be visualized as resultant charge transfer.
Extracting usable power from silk cocoon to operate low power electronic systems. Our observations showed that by modulating the surrounding moisture and the temperature, we could generate electricity from the SCM. This motivated us to explore the possibility of extracting 'usable power' from silk cocoon for operating low power electronic systems. As a 'proof of concept', here we have developed few simple, crude, 'functional cocoon devices' by integrating silk cocoon with light emitting diode (LED). The LED is powered by extracting the electrical energy from cocoon. In the device cocoon has been treated as a circuit component. For developing the device, each cocoon was prepared by removing the dead pupae, then planting the inner electrode by wrapping aluminum foil on the inner surface of the cocoon, while the counter electrode was planted on the outer surface using copper wires (Figure 9 ). In the case of Antheraea cocoons, colloidal silver paste is used to fix the electrodes on the inner and outer surfaces of cocoon. For the Bombyx, no colloidal paste was used. Colloidal paste was needed for Antheraea cocoons, so as to hold the electrodes on the surface. The electrodes could be attached on Bombyx surface much more easily without any requirement of colloidal paste. In our standard device, we did not use any colloidal silver for both Antheraea and Bombyx. The cocoons were then resealed carefully using 'Felx Kwik' instant adhesive (Pidilite Industries Limited, India). We use only a small drop of adhesive.
The first device was constructed by connecting three Bombyx cocoons and a LED in series (Figure 10 a, b) . Then outer surface of this cocoon circuit was exposed to water vapors. The power generated in the cocoon circuit could glow a red LED (minimum voltage and current requirement for red LED is 1.6 V and 18 mA respectively). Thus showing that it is feasible to extract usable power from silk cocoon to operate low power electronic system. We observed similar results with devices made from the cocoons of Bombyx mori (Movie S1, Supplementary information) and Antheraea mylitta cocoons. Except in the Antheraea mylitta based device, we have used seven cocoons and connected them in combinations of series and parallel circuits ( Figure S8 , Movie S2, Supplementary information).
The asymmetric mobility of water molecules across SCM
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, prompted us to design a device, where the water vapors was exposed to the inner surface of the cocoon. This device is developed only using only Antheraea mylitta cocoons. In this device, four Antheraea cocoons were connected in a series circuit along with a LED (Figure 10 c, d ). Cocoons were prepared as described previously in Figure 9 . For exposing the inner surface of the cocoon with uniform water vapor, these four cocoons were connected with hallow plastic tubing. We observed a stable lighting of the red and blue LED. The water vapors got trapped inside the cocoons and diffuse in a uniform rate across the membrane, which results in steady-state current and voltage, which could further be verified by noticing a continuous glow of red and blue LED (Movies S3, S4, Supplementary information). The minimum voltage and current requirements for a blue LED is 2.4 V and 11 mA respectively.
The structural feature of SCM resembles to a system, which can behave as a 'solid polymer dielectric electrolytic capacitor', where porous protein membrane can be considered as a dielectric and humidity activated charge carriers as electrolyte. This proposed concept persuaded us to examine the effect of applied voltage across the SCM. To investigate this, a single cocoon was used, with electrodes connected as described previously (Figure 9 ). Then the outer surface of this cocoon was sprinkled for few times with deionized water from different angles so that it covers the whole surface area of the SCM uniformly. Then it was charged for 2 minutes by applying a 12 V DC source. The objective was to allow the charge moieties to migrate to either sides of the membrane, according to their respective polarity and generate sufficient potential difference. Then, we disconnected the source and connect the device to a red LED and it glowed for 2-3 minutes, utilizing the discharging current of the cocoon (Figure 10 e, f). These observations confirmed the charge storage capability of SCM. We observed similar results with devices made from the cocoon of Bombyx mori (0.36 mm thickness) (Movie S5, Supplementary information) as well as Antheraea mylitta (0.40 mm thickness) (Movie S6, Supplementary information). This device could be termed as a 'protein based capacitor'.
Developing a uniform, standard device using SCM to extract power. The fabrication of crude, raw devices inspired us to fabricate a standard smaller device, which could be used to investigate the system for developing green energy technologies. The standard device was made using both Bombyx (Movie S7, Supplementary information) and Antheraea (Movie S8, Supplementary information) SCM. The picture and the dimensions are shown in figure 11 and construction is described in methods section. After assembling and connecting it in series, the device was kept inside a falcon tube, which was supplied with water vapor. Instantaneous lighting up of the red LED was observed in the device developed from Antheraea. The device made out of Bombyx took slightly more time to activate the LED, as compared to Antheraea mylitta.
Performance testing of the device. Performance of the device was tested as the function of time (Figure 4) . During performance test, we observed that electricity generation was decreasing with time. We took the reading for 3.5 hours. The average values for current and voltage after 3.5 hours of operation are comparable in both types of SCM ( Figure 12 ). We observed a drop in the values of current and voltage after 200 minutes. But once the device was removed and retested after one hour, it again continued to give constant reading for another 200 minutes. The reason behind such behavior might be that SCM is getting super saturated following continuous exposure to water vapor. So once the water vapor source is removed, and the device is allowed to equilibrate with the surrounding, the device again starts to function at a constant value. Hence if the device is kept under a very controlled steam flow, we could continuously extract electricity from it, till it attains a state of super-saturation.
Proposed schematic representation of charge mobility across SCM. SCM is a porous fibrous protein matrix. It is doped with trace amounts of Na, Cl, K, S, Ca, Mg, Cu, Zn. When the surface of SCM is exposed to varying temperature, in the presence of humidity, we observed that it generates electricity. Such matrix allows the movement of water molecules and ions, along with dynamic changes in the structure by side chain mobility as observed in NMR and EIS studies. Based on our results, we are proposing a working model, which attempts to explain the origin of electrical current in SCM ( Figure 13 ).
Porous paper device. Our proposed model (Figure 9 ) inspired us to test the system using a 'standard porous matrix'. We selected standard 'whatman filter paper'. We prepare a similar device as described earlier for SCM. In this device, instead of SCM we used 'whatman filter paper' (Figure 14) . We recorded the current and voltage in dry, moist, water vapor exposed and NaCl doped 1 water vapor exposed devices. We observed that a filter paper acts in the same way as the SCM does ( Figure 14 , Movie S9, Movie S10, Supplementary information).
Discussion
We initiated our investigation with two questions and a working hypothesis (Refer to introduction section). We systematically studied the macro and micro-structural details of the SCM (Figure 1, 2) , performed a mineral analysis for common ion forming elements (Figure 3) , quantified the porosity of the two SCM (Table 1) and quantified the electrical parameters of both the cocoon types (Table 2, Figure 4-7) . We observe the presence of Na, K, Cl, S, Mg in both the membranes. Electrical studies indicated that, when dry, SCM behaves like an insulator. On absorbing moisture, it generates electrical current, which is further modulated by temperature. One of the possible explanation of this observation could be the following: When the cocoon is humidified, the water molecules percolates into the fibrous matrix of the SCM and interacts with the minerals like Na, K, Cl and may results in the formation of ionic charge carriers. NMR findings, partly supports our assumption (Figure 8 ). NMR data revealed clearly that silk fibers are mainly beta sheet structures with a dense hydrogen-bonding network. The presence of water molecules in the fibrous protein matrix could facilitate the motion of charge species like sodium along the matrix and could be modulated by temperature. NMR spectra revealed increase in the dynamics of the protein side chains and protein back-bone, due to hydration. Further motion of the charge species (Sodium) is observed in NMR, thus supporting our working hypothesis of generation of current in the SCM due to ionic charge carriers. Further EIS results showed enhanced charge mobility in hydrated cocoons exposed to water vapor ( Figure S6 ).
Further we observed that there is a lowering of the current values in demineralized cocoons exposed to water vapor and increase in current value by doping the cocoon with NaCl ( Figure 5 ). Table 1 and 2 highlights another interesting aspect regarding the porosity and current density of the Bombyx and Antheraea SCM. The Bombyx SCM has a higher porosity as compared to Antheraea. So we assume, high porosity will promote faster current flux and we will see more current density in Bombyx. Yet the Antheraea SCM exhibits higher current density. This may be partly due to the higher elemental As surrounding RH and temperature is increased, water molecules get trapped in the pores of SCM, and interact with the protein backbone and with certain naturally occurring ion forming elements, which possibly causes charge mobilization, resulting in the observed current. content in Antheraea. Further understanding in future could be gained by engineering these structures in a controlled environment, where the porosity and doping could be controlled.
Our assumption of ionic current is further supported by 'porous paper device' experiment ( Figure 14) . In this experiment, we replaced the porous cocoon membrane with a standard 'Whatman filter paper', and doped it with NaCl. On exposing this filter paper membrane to a stream of water vapor, it generated sufficient electricity, which could power a light emitting diode. Based on these findings, we proposed a working model highlighting 'how the porous membrane of SCM could generate electricity' (Figure 13 ).
Our next question was 'How we could harness sufficient electricity from silk cocoon for some useful work?' Using the simple principles of electrochemistry, we developed certain simple devices, which demonstrated the potential that these could be used for low power electronics applications (Figure 9-12 , Supplementary information Video S1-S10).
We initiated our investigation with a simple working hypothesis. Our result partly supports the hypothesis that 'ionic motion across hydrated SCM leading to the generation of electric current and the current flux is modulated by temperature'. Our hypothesis did not take into account the possible interaction between water and protein molecules (sericin and fibroin proteins of native silk fiber). But in hindsight, we wondered whether the protein-water interaction is playing any role in charge transfer across SCM. On careful observation of our data, one could clearly see that we are able to harness maximum electrical energy from hydrated SCM at a temperature around 50uC-60uC and above ( Figure 6 ). We observe a characteristic current and voltage spike at around 50uC-60uC. This simple observation warrants the need to analyze our results in terms of proteinwater interaction at a temperature around 60uC and above. Hence we asked the following questions to dissect the problem in terms of protein-water interaction:
1. What happens to the hydrated silk protein at temperature around 50uC-60uC and above, since we are observing maximum changes in electrical properties around this temperature? 2. Does this protein-water interaction at the above mentioned temperature range plays any role in charge transfer? 
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In order to answer the first question, we need to understand the thermal properties of the silk protein biomaterial under dry and hydrated conditions. Silk protein has a very compact crystal structure, which is resistant to interaction with water molecules. But the amorphous region (disordered region) of the silk protein is accessible to water molecules. The interaction of the water molecules with the amorphous regions of the silk protein disrupt the amide-amide hydrogen bonds, improves the mobility of the protein chains and make these regions more plastic. This results in the lowering of 'glass transition' temperature (Tg) of the silk protein. Differential scanning calorimetry data has revealed that there is a gradual reduction of the Tg with increasing moisture content in amorphous fibroin films of Antheraea pernyi, Bombyx mori and dragaline spider silk 63, [66] [67] [68] [69] [70] [71] [72] [73] [74] . In the case of Bombyx mori, a reconstituted amorphous silk fibroin film containing 5% moisture showed a Tg at around 60uC, whereas a dry film showed a Tg at 178uC
70
. The reconstituted amorphous fibroin film developed using Antheraea pernyi revealed a similar Tg value at around 60uC 73 . Interestingly, a more recent study on native Bombyx mori silk cocoon using dynamic mechanical thermal analysis (DMTA) has revealed certain very interesting informations, which are different from the results obtained previously from reconstituted silk fibroin films of Bombyx mori 75 . In native silk, the loss tangent curve showed an increased molecular movement and enegy dissipation at around 60uC. Authors of this study claimed that loss tangent at 60uC is not really Tg, instead it is highlighting an increased mobility of water molecules in native silk matrix 75 . Earlier a similar result was obtained in soybean protein film 76 . Further such an increase in mobility of water molecules across the native silk protein matrix may lead to the rearrangements of the hydrogen bonding network across the matrix. Summarizing the answer to the first question, at around 60uC, there is an increased mobility of water molecules and rearrangement of the hydrogen bond within SCM. This essentially leads us to the second question. Could such an rearrangement of hydrogen bonding across SCM due to increase mobility of water, results in some form of charge transfer?
Our second question demanded us to revisit two five decades old findings 77, 78 and a more recent quantum dynamical simulation study on water mediated proton hopping in proteins
79
. The key concept of these studies is the following: Hydrated proteins could exhibit enhanced electronic and electrochemical activity due to watermediated proton hopping taking place due to peptide and peptenol flip flopping. The activation energy for peptide-peptenol state change is 40 kJ/mole. Recent computational studies have shown that possibility of peptide-peptenol activation is fairly low under nonhydrated conditions, since in non-hydrated protein, a high activation energy (76 kJ/mole) is needed for the NH bond fission [79] [80] [81] [82] [83] . Such water mediated proton hopping is enhanced with the increase mobility of the water molecules surrounding the protein and will continue till the water is lost from the protein surface and the denatured state is reached. Further the peptide-peptinol flip-flop event could be transmitted along the backbone of the protein, without need for any kind of physical motion of the protons along the protein chain. Thus such an event of water mediated proton hopping could play a significant role in charge transfer 79 . In the light of these proton hopping studies in proteins, if we now look at our experimental results carefully, and arrange them logically, we see the possibility of the phenomenon of charge transfer by water mediated proton hopping across SCM at around 60uC. We are enumerating our observations and others in a logical manner.
1. The SCM is inherently asymmetric in terms of water movement across its matrix and thereby could maintain a water gradient
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. Such a gradient could be helpful in any form of charge transfer 79 . 2. SCM could generate current only when it is hydrated. Thus at the molecular level protein-water interaction is an essential criterion for current generation. In other words, the electrical properties of the protein improves in the presence of water, a very basic assumption for water mediated proton hopping 79 . 3. Current generated by hydrated SCM is thermo-electric in nature, since it changes with temperature. At the molecular level, rising temperature increases the thermal motion of the water molecules surrounding the protein, as well as leads to motion of the protein side chains. These molecular motions could results in some form of charge generation by rearranging the hydrogen bond network. This essentially points to the possibility of water mediated proton hopping. 4. At around 60uC, we observe a spike in current and voltage. In other words, we observe enhanced electrical activity in hydrated SCM around 60uC. Interestingly at around the same temperature (i.e 60uC), there is an increased mobility of water molecules (as observed by other group while studying the thermal properties of native silk and soybean protein film 75, 76 ) and this may results in rearrangement of the hydrogen bonds within SCM. Thus hinting at the possibility of a water mediated proton hopping by peptide-peptenol flip-flopping at around 60uC. 5. NMR studies indicated enhanced protein chain movement, water and sodium mobility in hydrated SCM when exposed to water vapor. EIS studies revealed an enhance charge mobility in hydrated SCM exposed to water vapor. 6. Lastly we observe a comparable current and voltage spike in Bombyx SCM at 60uC with respect to Antheraea, though Bombyx has a very low mineral content.
This brings us to an interesting conjecture: A. Is the observed spike in current and voltage around 60uC, is purely ionic (as hypothesized by us earlier). If so how we could explain for the comparable current and voltage spike in Antheraea and Bombyx SCM at 60uC? or B. The observed current and voltage spike is partly due to 'water mediated proton hopping by virtue of peptide-peptenol flip-flop in the SCM' thus leading to charge transfer. Since in our system, the water vapor is continuously hydrating the SCM protein matrix, and maintaining it at a temperature around 60uC, so we possibly see a prolonged current flux. So at this point, we are concluding that we are possibly observing both ionic and water mediated proton-hopping charge transfer in SCM. Further, this lead us to think that, such a water mediated proton-hopping phenomenon could be more pronounced in proteins which forms extensive hydrogen bonding networks, and a dynamic change in the thermal properties of the proteins could be seen at around 60uC in other proteins too 76 and if such proteins are used to develop energy harvesting devices, then we could be able to harness significant clean energy in a sustainable way. Further this thermo-electrical phenomenon should be explored in other 4000 poorly studied silk producing insects to understand how the electrical properties of silk proteins have evolved in nature and what are their broad significance in terms of evolution.
The future challenge will be to quantify the contribution of the individual current components and thus differentiating the ionic and proton hopping components. This will require further manipulation of the electrochemical conditions and use of synthetic silk material whereby we can control the geometry, micro-nano structural features of the synthetic membrane and regulate the concentrations of naturally occurring elements which are found in varying concentrations in native silk.
In the case of porous paper, we are possibly observing pure ionic current. We are currently exploring a hybrid approach, where we can modify paper with more functional molecules (like proteins) so as to create a functionally much robust protein-cellulose paper matrix. Such an approach could surely open up a new vista of sustainable technologies, specially considering the fact that paper is more economical and we can produce proteins at a competitive cost in bioreactors. In future, we will be exploring the possibility of using paper and other proteins to develop similar energy harvesting devices.
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One of the most pertinent questions is, where this kind of technology could find an immediate application. Waste heat management could be one of the possible sectors. In recent time, it has become a critical issue and has gained significant attention, with ''no waste'' philosophy. The main areas, which contribute most in the heat dissipation, are power generation sector, thermal power plants, nuclear power plants, iron ore/steel industry, paper pulp industry and other industrial processes. These have serious impacts on environment and the ecosystem. Building a system, which could utilize the humidified waste heat for energy harvesting, thus reducing the environmental hazards would be an ideal solution. Based on our findings, an inspiration can be drawn from these insect-engineered materials. If such structures are emulated by exploiting modern micro and nanofabrication tools, these could be an answer for mankind's ever increasing demand for waste heat management, green and sustainable energy.
In conclusion, we wish to reiterate the fact that, we initiated our studies with the background information of few long forgotten papers of Jacob S Ishay 24,46,53 and came to a possible conclusion about our results, whose scientific roots goes back to the seminal publication of Theodor Grotthuss in 1806 'Theory of water conductivity' 84 and the subsequent trail of studies during last one century on water mediated proton hopping in proteins [77] [78] [79] .
Methods
Procuring silk cocoons. The shinning bright, white colored, fine Bombyx mori are procured from the state of Karnataka in India ( Figure S2 ). The off-brown colored Antheraea mylitta are procured from the state of Orissa and Chhattisgarh in India. The specimens of both these cocoon are shown in figure 1 . The procured cocoons were dried under the sun to make sure the pupae inside is dead then cocoons were cleaned with a electric blower and kept in a dust free, dry wooden cabinet for further use. The Bombyx are smaller in size as compared to the Antheraea.
Scanning electron microscopy. SUPRA 40 VP field emission scanning electron microscope (Carl Zeiss NTS GmbH, Oberkochen (Germany) is used to obtain the scanning electron micrograph images of the silk cocoons membrane as shown in figure 2 . Energy-dispersive X-ray spectroscopy was done using oxford instruments.
Porosity calculation. Dimensions of all the samples were initially measured using micrometer. The pore volume of native and demineralized samples was calculated by fluid uptake method using water and water plus acetic acid (151) 56 . Both native and demineralized samples were initially dried to constant mass by placing them in hot air oven, following that weight of each sample was measured. The samples were then immersed in water or water 1 acetic acid. In both the techniques, the samples are kept at a negative pressure for one hour for complete saturation of samples and removal of any trapped air in void spaces. Weight of individual saturated samples was then again measured. Porosity of the samples was then calculated as follows:
Porosity~M saturated sample{Mdried sample Msaturated sample 'Demineralized' cocoon samples were prepared by the method described in one of the earlier work, where ethylenediaminetetraacetic acid (EDTA) was used for demineralization process
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SCM preparation for electrical measurement. Clean dried SCM was cut in small rectangular (2.5 cm by 2 cm) pieces. We prepared 3 kinds of samples (Native SCM, demineralized SCM and NaCl doped SCM). 'Demineralized' samples are prepared by the method described in one of the earlier work
Electrical measurement set up. Electrical measurements are performed using Keithley's 5K-digit Model 6517B electrometer/high resistance meter (Keithley Instruments, Inc. 28775, Aurora Road, Cleveland, Ohio, 44139, USA; http://www. keithley.com/company). This offers significantly high accuracy and sensitivity to measure very low-level currents. It has ability to measures resistances up to 1016 V and a current ranging from 1 fA-20 mA. It has ,20 mV burden voltage on lowest current ranges and having 200 TV input impedance. It has ,3 fA bias current and up to 425 rdgs/s. The instrument has a noise level of 0.75 fA p-p noise and equipped with a built-in 61 kV voltage source. The electrical measurements are carried out inside a faraday cage. The faraday cage is placed on a vibration isolation table. These precautions are taken so as to reduce the surrounding noises.
Standard Device preparation for evaluating the electrical parameters of SCM. The high purity copper wires 32 AWG and 32 Gauge Aluminum sheets are used as electrodes. The dimensions of the electrodes used are given in the figure 4. Then prepared SCM were sandwiched between the two electrodes using glass slide as the base. We have treated the SCM in a similar way as a simple electrochemical cell. Similar to simple electrochemical cell, we used two different metal electrodes with different electronegativity values. Electronegativity of aluminum is 1.61 while that of copper is 1.90 using Pauling scale.
